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Abstract
The competencies to manage an engineering project, work in and lead a team are demanded from a graduate of a higher engineering education.
A design education model, consisting of of two linked courses, is presented that allows students to learn key engineering and social competencies
by experiencing real situations. During the course “Innovation Project” (IP) approx. 450 freshman solve a development task in a team (creating
a mechatronic system). The course “Leading Engineering Projects and Coaching Design Teams” educates IP student coaches in team dynamics
and how to coach an innovation team. The aim of this paper is to present the recent development of the educational model. In this paper we
focus on the IP course. The team climate curves are analysed and the qualitative data describing the turning points in the team climate curves is
used to derive critical competencies for the IP teams. Four diﬀerent competency clusters were found. The results show that not only technical
skills are learned in this course but even more so multidisciplinary skills. The inﬂuence of the coaches for competency development is ongoing
research and will be evaluated in further research. The results underline the need for educational approaches that focus on technical skills as well
as multidisciplinary skills. The education model prepares the students well for their future design challenges.
c© 2016 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Professor Lihui Wang.
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1. Introduction
In the last years the discussion about the future of profes-
sional education for engineers as proposed in various initia-
tives and guidelines reﬂects the need for a broader and more
competency-based schooling. Crawley et al.[1] formulate the
purpose of engineering as follows: “The purpose of engineering
education is to provide the learning required by students to be-
come successful engineers – technical expertise, social aware-
ness, and a bias toward innovation. This combined set of knowl-
edge, skills, and attitudes is essential to strengthening produc-
tivity, entrepreneurship, and excellence in an environment that
is increasingly based on technologically complex and sustain-
able products, processes, and systems. It is imperative that we
improve the quality and nature of undergraduate engineering
education”. One of the most inﬂuential associations of profes-
sional engineers, the german VDI, has issued a new guideline
focusing on leadership [2] as one of the expected competencies
of professional engineers for nowadays challenges in industry.
The ETH Zurich, among other leading universities, has started
an initiative on critical thinking, thus focussing on generic com-
petencies and not just technical excellence [3].
These needs of industry and society are mirrored as well
by recent ﬁndings of competency-research. It seems that so-
cial competencies classically deﬁned as important for team-
development and good working climate are also crucial for the
use of technical skills in working environments. Results of vari-
ous studies show that technical skills are only usable for groups
and therefore organisations if they are enabled by social skills
[4–7].
Higher education has therefore two challenges: being able to
impart technical knowledge that students and future engineers
are able to apply in their future occupations and teach social
and individual competencies needed to use the acquired tech-
nical knowledge and know-how. In this article we describe a
higher education teaching set-up that fulﬁls both needs. The
set-up consists of two connected courses. In a ﬁrst course stu-
dents learn in a problem-based learning (PBL) approach [8] to
work in teams while gaining knowledge and know-how in basic
engineering subjects. The students of this course are coached
by senior students. These senior students are taking a course in
coaching and leading engineering and innovation teams. In this
multilevel educational design students train and practise social
and multidisciplinary skills: on a basic level in the Innovation
Project (IP) and on a more advanced level in the Leading Engi-
neering Projects and Coaching Design Teams (CDT).
In this paper we will focus on the IP course. The learned
competencies in the CDT course are already described in an-
other paper [9]. We will therefore show the contribution a
problem-based learning course can do to competency develop-
ment.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Setting
The learning environment as it is implemented in the Me-
chanical Engineering bachelor’s program at ETH Zurich is pre-
sented in the following section. The learning concept consists
of two linked courses: Innovation Project (IP) and Leading En-
gineering Projects and Coaching Design Teams (CDT) [10,11].
The multilevel education model impacts the students in diﬀer-
ent stages of their curriculum. The linkage of the two courses
allows all involved protagonists to bidirectionally beneﬁt (Fig.
1). The speciﬁc learning goals of the education concept are pre-
sented and evaluated in an other contribution which is currently
in press [9].
2.1. Innovation Project
The IP is a large, project based class with approximately
450 freshmen students. The practice-oriented course concept
is an implementation of the CDIO initiative (Conceive-Design-
Implement-Operate) [1]. The students are divided in teams of
ﬁve. The teams develop during 14 weeks a fully functioning
machine (mechatronic system) which can solve an operational
task. All teams have to show and operate a fully functioning
system at the end of semester. Know-how and techniques from
the ﬁelds of engineering design, production and mechatronics
are thereby brought together and implemented in the student’s
solutions. The students learn and apply techniques to manage
innovation processes by undergoing such a process. Meboldt
et al.[12] describe the essential elements of the course and com-
pare it to trends in engineering education. Several practice ori-
ented course concepts exist in curricula of other universities,
e.g. [13–16]. The application of high-ﬁdelity prototyping and
PBL in a large class setup for ﬁrst-year students makes the IP
unique. The course is constantly developing.
The IP recently developed by the introduction of additive
manufacturing, the expansion of the assembly shop ﬂoor, a new
and more professional mechatronics kit and the variation of the
development task. Access to additive manufacturing technol-
ogy extend the team’s possibilities to produce accurate high-
ﬁdelity prototypes directly from a digital model (CAD). In ad-
dition to the four already available laser cutters to produce 2D
parts [17], nine FDM Printers by Stratasys[18] can be used
to manufacture 3D plastic parts. In order to handle the large
class and to improve the quality of prototypes, the capacity of
the assembly shop ﬂoor and the quality of tools and machines
1st year 2nd or 3rd year
Course: Innovation Project
Content:
- apply theory 
- work in a team
- manage engineering project
- engineering design
- mechatronics
- production
- testing
Course: Leading engineering projects 
and coaching design teams
coaching and 
feedback
90 teams
15 coaches
presentation of
project results
graduate
education
progress
competencies
Personal Development
Content:
- coaching theory
- coaching practice
- mindset and role
Fig. 1. Multilevel design education for innovation competencies.
Fig. 2. Kit for professional prototyping of mechatronic systems.
are increased. The students have access to drilling and grind-
ing machines, belt saws, soldering devices and 15 workbenches
equipped with a variety of hand tools. A mechatronics kit based
on myRIO [19] and developed by pd |z enable the students to
operate their systems without having expertise in programming
and mechatronics (Fig. 2). Even though the entry barrier to
gain ﬁrst experience with mechatronic product development is
low, the kit has a professional standard. The mechatronics kit
consists of several actuators (servo motors, stepper motors, DC
motors and solenoids), some contact sensors, a base unit con-
taining power electronics and docking ports, an embedded hard-
ware (myRIO) and a software cockpit to operate and program
the system (based on labVIEW). The software cockpit allows to
run the system on three user levels: newbie, expert or ultimate.
The lowest, “plug & play” level allows manual and sequential
driving of motors. The highest level allows fully programming
ﬂexibility and automation. In order to keep their intrinsic moti-
vation high the students are challenged by a new development
task every year. The most current task “robot ﬁre ﬁghter” de-
mands to develop a robot which can climb up the model of a
“burning” multi-story building, extinguish ﬁres and evacuate
people and chemical barrels (Fig. 3. The task promotes a high
solution variety because its formulation is open and shows the
characteristics of an optimisation problem. The performance
of the robots is assessed in a competition. Within a speciﬁed
time frame (ﬁve minutes) the robots evacuate respectively ex-
tinguish as many units as possible. The speciﬁc location de-
ﬁnes the varying score of the items. Further, a jury assesses the
quality and economy of the design and the degree of technical
innovation.
Beside participating in the ﬁnal competition, the students
compile four deliverables: an individual milestone presentation,
a report per team, a short video on their project per team and the
prototype itself. They receive a grade for each deliverable and
one additional grade for participation and approach. The ﬁve
grades are then integrated into one ﬁnal grade, all having equal
weight. The IP students get 2 ECTS credits for their participa-
tion. The course is compulsory.
During the project, the teams are coached and supported
by student coaches, more advanced students, in workshop ses-
sions. Each team proﬁts from an hour of individual consul-
tation per week. Each student coach is responsible for three
teams. Therefore 30 coaches are involved in the project. De-
livery of intermediate results takes also place during the work-
shops in form of milestone presentations. In a newly developed
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Fig. 3. Students working on design task “robot ﬁre ﬁghter”.
lecture half of the coaches attend the course CDT to improve
their coaching competencies. This linkes the courses IP and
CDT in a symbiotic way.
2.2. Leading Engineering Projects and Coaching Design
Teams
The course CDT runs parallel with the IP and focus on team
dynamics and social eﬀects in product development teams. It is,
similar to the IP, a practice-oriented lecture concept. In addition
to coaching theory, the participants of CDT acquire competen-
cies by experiencing real-life situations as a student coach in the
IP. This basic idea is also practised at the Technical University
of Munich (TUM) [20]. The TUM tutors coach student teams
with respect to study related topics (e.g. curriculum planning)
but they do not learn coaching of development teams. Each
CDT participant is responsible for three IP teams, which are in-
deed real development teams. The aim of the course CDT is to
prepare the students for a role as team leader in an engineering
project. The course is oﬀered for 15 advanced students only,
who all work as coach in the IP.
The team leader of an engineering team is ideally not the
decision maker nor the one with the deepest technical under-
standing. This role should rather empower the team to outper-
form: ”eﬀective external leaders move back and forth across
boundaries to build relationships, scout necessary information,
persuade their teams and outside constituents to support one an-
other, and empower their teams to achieve success” [21]. In the
IP, the coaches support the teams without imparting knowledge.
They facilitate and guide the team members in achieving their
project and learning goals. ”Coaching is unlocking people’s po-
tential to maximise their own performance. It is helping them
to learn rather than teaching them” [22]. The CDT participants
learn to support the IP students by asking critical questions, by
helping them to make their own decisions, by working as a me-
diator to overcome conﬂicts, by functioning as an external ob-
server and by enabling a feedback culture. Coaching has also
an impact on individual and team creativity and improves the
performance of innovating teams [23].
The concept of CDT consists of three central learning ele-
ments: theory about coaching, practice in coaching and forma-
tion of a coaching mindset. In a traditional lecture set-up coach-
ing theory is conveyed and illustrated with cases. As coach
in the IP the CDT participants apply the theory and actively
experience being a coach. Additionally, CDT participants are
coached by two expert coaches. They act both as role models
and teachers. As a third component of the course always two
CDT students join together for work shadowing on a regular
basis. Mutual observation and feedback accelerate the learning
progress and improve the quality of teaching in the IP. CDT stu-
dents get 4 ECTS credits for their participation in this elective
course.
3. Methods
In this article we focus on the IP course and the insights into
the team-development and the necessary competencies for col-
legiate innovation teams. Our ﬁrst research question is about
the team-development. We are especially interested in the
course of the team curve. How does the team curve develop
over time? Will there be ups and downs similar for all teams or
will there be individual team processes not comparable to one
another? As a second research question we are looking into
the competencies described by the IP teams. What are neces-
sary competencies developed and needed by collegiate innova-
tion teams? Additionally, we are interested in what way the
found competencies are similar to the already existing compe-
tency catalogue by Goller[23] or if diﬀerent competencies are
important in the self-description of the IP teams.
Jensen and Harmsen[24] describe quite clearly that our
knowledge of success factors by now is quite suﬃcient but we
do lack knowledge about competencies. Therefore we lack
knowledge about how to improve innovation in organizations
and how to train it. Goller[23] deviates a list of competencies
for R&D teams and shows that these competencies are train-
able. Our question was (among others) if students in a R&D
Vorlage zur Evaluation der Teamentwicklung (Team Spirit)
Tragen Sie den Verlauf des Team Spirits (Teamgeist, Zusammenhalt, Stimmung im Team) rückblickend und für den Zeitraum der Projektwochen auf einer 
Skala von 0% bis 100% ein (0% = Stimmung sehr schlecht, 100% = Stimmung hervorragend). Markieren Sie die drei entscheidensten Wendepunkte.
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Fig. 4. Template used to survey team climate curve with example.
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“simulation” do need the same competencies in order to be suc-
cessful. We therefore used a qualitative approach to gather fur-
ther insights into possible competencies and the team develop-
ment of simulated R&D teams that are still learning and are not
yet experts in the ﬁeld.
At the end of semester the teams had to ﬁll out a team cli-
mate curve and they had to deﬁne critical incidents (so called
turning points) in their team eﬃciency or team climate during
the semester (Fig. 4). The team climate curve plots the self-
evaluated team climate over time on a scale of 0% to 100% (0%
=ˆ very bad climate, 100% =ˆ very good climate).This approach
is based on the Critical Incident Technique by Flanagan[25] be-
cause we wanted to elicit concrete behavioural descriptions in
order to derive at competencies and not just at general state-
ments as well as success factors. An “incident” is best thought
of as “any observable human activity that is suﬃciently com-
plete in itself to permit inferences and predictions to be made
about the person performing the act” [25, p. 327]. In order for
the incident to be considered critical, it “must occur in a situa-
tion where the purpose or intent of the act seems fairly clear to
the observer and where its consequences are suﬃciently deﬁnite
to leave little doubt concerning its eﬀects” [25, p. 327].
The retrospective approach was important because we
wanted to know the most important events during the complete
semester regarding their success as a team and for their invented
device and not just the most important event of the week.
Out of the 90 IP teams and therefore 270 turning points, 90
teams ﬁlled out the team climate curve and 78 teams indicated
and described the corresponding turning points. In total 224
turning points were captured. All teams were asked to ﬁll in
not just a statement about the turning point but describe the
reason for the turning point and the concrete change as well as
the inﬂuence of the coach at the turning point. If there were
any additional remarks the team would have liked to make, this
was possible. For this analysis we were not interested in the
gradient of the turning point (meaning towards good or worse)
but just in the qualitative contents.
We conducted a qualitative content analysis [26,27] to clus-
ter (if possible) the described reasons, behaviours and compe-
tencies. The data shows that the diﬀerentiation between the dif-
ferent questions (behaviour, reason, change) was hard to distin-
guish for the student teams. Sometimes the behavioural element
was given in the change-question, sometimes (as intended) in
the turning point description. The reason for the change was
also described in various ways. Therefore we used all three
categories for the extraction of the competencies.
4. Results & Discussion
The highest average team climate occurs in the second
project week (M = 79.23%, SD = 18.05%) and the lowest
in week nine (M = 50.88%, SD = 23.79%). The results show
that for most of the teams the team climate was high in the be-
ginning of the project, slumps after the ﬁrst phase of the project
and increases again towards the end of the project. This state-
ment does not apply for all teams but represents a majority and
is congruent with the team development stage model described
by Tuckman, Bruce W.Jensen[28]. Most turning points where
reported in project week eleven. The amount of reported turn-
ing point increases with the progress of the project (Fig. 5). A
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Fig. 5. Average team climate and occurrence of turning points.
trivial explanation to the increase of turning points and the de-
terioration of team climate with progression of time might be
the approaching project deadline and of course the realisation
of problems to be solved in order to be successful.
We found four distinguishable categories for the turning
points (TP) that are described in detail and consist of at least
20 or more mentions. The list below shows the four found cate-
gories and the category various consisting of several statements
that could not be integrated into one category.
1. engineering expertise and mastery of tools (27 TP, 12.1%),
2. team dynamics and work organisation (34 TP, 15.2%),
3. reality shock, testing and prototyping (115 TP, 51.3%),
4. decision taking (30 TP, 13.4%),
5. various (18 TP, 8.0%).
The ﬁrst category “engineering expertise and mastery of tools”
consists of statements about the importance of the mastery of
tools needed to construct the needed device for the innovation
task. Mostly digital design and production tools such as CAD
is mentioned in these statements. But also the operation of the
laser cutters for example belong to this cluster (Fig. 6). Stu-
dents realise that mastery of a tool in order to implement inno-
vative ideas is of essence. They describe the successful ﬁnish
as a milestone that was harder than most students anticipated
due to the professional expertise needed. They also realise at
that point that innovation is not just a nice brainstorming but
time-consuming, hard work.
The second category deals with “team dynamics and work
organisation”. Students describe all aspects of positive and neg-
ative team dynamics in this category. “The team is ﬁnally get-
ting together” is seen as something relevant and getting to know
each other is described as important behaviour in order to reach
this turning point. Other statements in this category described
the critical point if a team member is leaving this team (whether
or not it was a critical phase or an important team member). It
seems to us that teams are disturbed by changes in the team
composition and do not deal well with it without intervention.
Also described are delays and missed deadlines. Other turnings
points are characterised by unequal distribution of work load
and imbalance of eﬀort and beneﬁt. And of course all sorts of
squabbles and crises are described.
The third and biggest category is about “reality shock, test-
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ing and prototyping”. We probably named that category a little
dramatic but the eﬀect of testing and prototyping had a truly
shocking eﬀect on most teams. One team mentioned: “First test
is conducted. The system failed. Further tests aren’t success-
ful either. Frustration” Most of the teams described the testing
of certain functions or the prototype as a painful but healthy
experience. Some teams found great happiness in the testing
because they were better than expected. It seems that the in-
terpretation and the eﬀect on team climate is connected to the
self-assessment of the team. We will elaborate on this further
in the discussion section.
The fourth category is “decision taking”. Some teams de-
scribed the act of (ﬁnally) taking a team decision respectively
not being able to take a team decision as one of the three most
important points in the innovation project, for example: “We
agreed on a solution concept. Now, we have only one speciﬁc
goal in mind. The mood increases.” Decision taking seems to
be one of the major components for being successful in this
course.
5. Conclusion & Further Research
What did we learn from this qualitative approach? One of
the most obvious results is the category “reality shock”. It
seems that with all the preparations, all the help reality in in-
novation projects comes as something unexpected. This is of
course common knowledge but leads to diﬀerent thoughts:
• all preparation and training cannot prepare for reality and
testing
• testing and prototyping is a crucial element in the inno-
vation process, as it is also stated by the design thinking
theory [29].
Therefore much more time and energy should be invested for
coaches and leaders of innovation teams not into preparation
but into testing and pushing teams towards testing as early as
possible. This insight has already changed our curriculum. We
will change our innovation process towards agile development
(e.g. scrum) and push teams so faster to testing and “their own
reality shock”. It is also connected to competencies found by
Goller[23] necessary for R&D teams: Perseverance in the im-
plementation process of ideas and building self-awareness (both
personal competencies). Seemingly, industrial and collegiate
teams face similar challenges if it comes to preparing for the
unknown in innovation processes. We can only hope that the
extent of surprise by reality gets smaller with more experience.
Another interesting element of the results are the indica-
tions towards social & methodological competencies. Using
the competency model by Goller[23] we can infer certain com-
petencies:
• methodological competencies for team settings:
– Being able to use decision techniques for shared de-
cisions in a team
• social competencies for innovative teams:
– Cooperation with other team-members
– Being able to build and to maintain team-cohesion
• personal competencies for shared learning:
– Awareness of team dynamics in order to be able to
Fig. 6. Mastery of engineering tools: challenges of direct digital production.
deal with team processes and steer them
These competencies should be more looked after in the educa-
tion of engineering students and in the facilitation of the teams.
Further research and development of the learning concept
should address the question how testing and learning in prod-
uct development projects can be speeded up. The introduction
of agile process structures in the IP is a experiment towards
this direction. The success and eﬀectivity of this measure must
be investigated. Further one must have a closer look on deci-
sion techniques for self-managing teams such as the IP teams
which also have positive eﬀects on team dynamics. How can
a coach optimally support decision taking for example? One
hour of coaching per team and week is not that much. How the
amount of touching points between IP and CDT students can be
increased is another interesting question.
Investigation and constant evolution of design education will
guarantee well trained workforce (graduates) with the neces-
sary set of competencies entering the labour market. The com-
petencies of today’s graduates are the driver of tomorrow’s in-
novations.
In the described educational approach one can learn how
teaching applicable engineering knowledge as well as critical
thinking and social skills can be achieved not only for small
classes but for a broad number of bachelor students. The de-
scribed team curves and the derived competency clusters show
what multidisciplinary competencies are most important for
successful mastership of innovation projects. Therefore, this
paper does not only contribute to competency research but also
to the improvement of education for engineers for their future
occupation in industry and academia.
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